Abstract. Production and wide application of nanomaterials have led to nanotechnology development but their release to environment and the induction of toxic reactions, affects the natural microbial communities. Therefore, studies on the impact of nanoparticles on microorganisms and environment are required and needed. The aim of this study was to assess the impact of aluminium oxide nanoparticles on the growth of Pseudomonas putida. To compare the harmfulness of different forms of aluminium oxide, the ecotoxicity of its macro-forms was also evaluated in the study. Research showed that the exposure to nanoparticles can negatively influence microorganisms. The EC 50 -16h determined in this study was 0.5 mg/l, and NOEC equaled 0.19 mg/l. Nano-Al 2 O 3 proved to be more toxic to P. putida than aluminium oxide. This indicates that the nano-form of a given substance demonstrates different properties and may constitute a far greater danger for the environment than the same substance in the large form. According to EU and US EPA criteria, nano-Al 2 O 3 proved to be very toxic and highly toxic, respectively. Changes in bacterial communities caused by nanoparticles may affect the normal biological, chemical and nutrient cycle in the ecosystem and the effect triggered by nanomaterials in relation to other organisms is unpredictable.
Introduction
Nanoparticles (NPs) are molecules of dimensions below 100 nm. They are of colloidal particle size and are often smaller than bacterial and eukaryotic cells. Due to their unique physicochemical properties and morphology, such as: high surface to volume ratio, high chemical reactivity, ability to form aggregates, diffusivity, and mechanical strength, NPs have become an attractive material for commercial and technological application. NPs are currently used in many products. Silver (Ag) NPs are incorporated into textiles, clothing, food packaging and other materials for elimination of bacteria, cerium oxide NPs are used in electronics, biomedical supplies, energy, and fuel additives, nano-TiO 2 may be found in sunscreens, cosmetics, coatings and paints. Carbon nanotubes have a wide range of uses, ranging from electronic components to composites used to produce of vehicles. Many nanomaterials are used as membrane filters to remove pollution from water [1, 2, 3, 4, 5] .
Production and use of NPs results in their dissemination in the environment through air, wastewater and surface waters. NPs used in cosmetics in Sweden and Denmark are detected in wastewater at about 50 g per capita and day. Considering city with one million inhabitants the content of these compounds in wastewater would probably reach about 50 t/d [3] . If not captured during wastewater treatment they can occur in water intended for human consumption. Deposition of NPs in bottom sediments of water reservoirs and their migration through environmental compartments may also have dangerous consequences. Literature data indicates that their increasingly common application and release to environment may trigger toxic reactions, among others, in natural microbial communities.
NPs can change the properties of bacterial cell membrane, influence the permeability and respiration of the bacterial cells, cause damage to DNA and release the toxic ions, but the exact mechanism by which NPs promote this antibacterial ability, is so far the subject of debate [6] . Silver NPs based on the graphene were tested in relation to Pseudomonas aeruginosa. The minimum bactericidal concentration (MBC) was 20 mg/ml, and after 1 h disintegration of the cell wall was observed [6] . Tamayo et al. observed that silver and copper NPs may penetrate the wall and cell membrane of bacteria Listeria monocytogenes. This led to the separation of the cytoplasmic membrane of the cell wall [8] . Literature data also indicate that NPs proved to reveal the antibacterial properties against Staphylococcus aureus, Escherichia coli, Bacillus subtilis (nano-Cu, nano-ZnO, and nano-Ag) [9, 10, 11] , Klebsiella pneumoniae (nano-ZnO) [10] , P. aeruginosa (nanoAg) [12] , Enterobacter cloacae (Cu-SiO 2 nanocomposite) [13] , Salmonella typhimurium (Cu NPs/chitosan) [14] , L. monocytogenes (Cu NPs) [15] , Enterococcus faecalis (nanoTiO 2 ) [11] , and Aeoromonas hydrophila (nano-Al 2 O 3 , nano-ZrO 2 ) [16] . The impact of NPs on yeast Candida albicans, and mold Aspergillus niger was also observed [11] .
Furthermore, NPs show negative impact on microorganisms involved in wastewater treatment. Zheng et al. proved that zinc oxide NPs had adverse influence on biological processes of nitrogen removal as well as on denitrifying bacteria and microorganisms responsible for phosphorus elimination called PAO (polyphosphate accumulating organisms). Nitrogen removal efficiency decreased from 81.5% to 75.6% and 70.8%, when concentrations of nano-ZnO equaled 10 mg/l and 50 mg/l, respectively [17] . These results indicate that zinc oxide NPs lead to the disruption of the activated sludge treatment process. In turn, a study published by Choi showed that during wastewater treatment, 1 mg/l of nanosilver inhibited the growth of autotrophic nitrifying bacteria by about 80% [18] .
In order to determine their potential environmental fate and improve the understanding of the toxicity effects of the aluminum oxide NPs (nano-Al 2 O 3 , < 50 nm), the present study examines the antibacterial activity of these NPs against P. putida bacteria. The study compares the toxicity of NPs with their bulk counterparts (compounds of the macro-form -Al 2 O 3 ). Only scarce information is available on fate, transport and effects in the environment of metal-based particles such as nano-Al 2 O 3 . Aluminum oxide NPs are currently used by the military and commercial industries as components of coatings and propellants and their widespread use may result in the release into the environment [19, 20, 21] .
Materials and methods

Chemicals
Aluminum oxide NPs (nano-Al 2 O 3 ), nanopowder < 50 nm of specific surface of > 40 m 2 /g and aluminum oxide (Al 2 O 3 ) of purity of > 98% were obtained from SigmaAldrich. Initial solutions of the tested compounds were prepared in deionised water. Because of the tendency of aggregate formation by the compounds, the obtained solutions of the compounds were sonicated for 30 min using an ultrasonic disintegrator of MDM-10 type (0.4 kW at a frequency of 20 kHz). The solutions were diluted (using a medium according to ISO 107122-1994 test procedure for P. putida [22] ) with the ratio of geometric progression of dilutions (q) of 2 obtaining solutions ranging from 0.17 mg/l to 200 mg/l.
Bacterial strains
Heterotrophic gram-negative rods of P. putida were isolated from the laboratory activated sludge (Department of Biology, Faculty of Building Services, Hydro and Environmental Engineering, Warsaw University of Technology). Aseptic technique was used throughout the testing process. Constant bacterial cultures were maintained throughout the experimentation and incubations for all tests were conducted for 16 h at 26°C.
Bacterial cultures were then subjected to biochemical identification by API procedure. A Gram stain was used to determine whether the bacteria were positive or negative. Oxidase test was performed by adding bacterial smear to filter paper containing oxidase reagent (a mixture of dimethyl-4-phenylenediamine hydrochloride and α-naphthol). Colour development was observed within 1 min. Catalase test was performed by adding one drop of 30% hydrogen peroxide (Aflofarm, Pabianice, PL) to a slide that contained bacterial smear. Bubbling reaction was observed within 1 min. API 20 NE bacterial identification was performed according to manufacturer's instruction (bioMérieux, Durham, NC) [23] .
Growth inhibition test with Pseudomonas putida
Growth test with P. putida was performed in accordance with ISO 107122-1994 [22] . Growth inhibition (I) was assessed on the basis of optical density values obtained for the samples with λ = 610 nm at the beginning and at the end of the 16 h test and was calculated according to Eq. 
Calculation of EC 50 and NOEC
Effective concentrations (EC 50 ) were calculated using probit analysis with 95% confidence intervals [25] . No observed effect concentrations (NOEC) were determined using ANOVA and Tukey's test [26] .
Toxicity assessment of compounds
The assessment of toxicity of the test samples in relation to bioindicators was performed on the basis of the EU criteria-Directive 93/67/EEC (Table 1 ) and the U.S. Environmental Protection Agency (U.S. EPA) criteria (Table 2 ) [25, 26] . Non-toxic Table 2 . Assessment of toxicity of chemicals in relation to the criteria of their harmfulness to aquatic biocenoses according to US EPA.
LC(EC) 50 [mg/l] Assessment of toxicity of chemical ≤ 1
Highly toxic > 1 -100
Moderately toxic >100 Slightly toxic
Results and discussion
The results of growth inhibition test with P. putida are shown on Figure 1 . The assessments of ecotoxicity of NPs according to the European Union Directive (93/67/EEC) [25] and the US Environmental Protection Agency (US EPA) criteria [26] are presented in Table 3 . Nontoxic Slightly toxic
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Growth inhibition of P. putida was observed during the study. Aluminium oxide NPs inhibited the process in above 50% at all concentrations tested, except for the lowest (0.17 mg/l). In the highest tested concentration, inhibition of growth was 80.13% ( Figure  1 ). EC 50 -16h was 0.5 mg/l and NOEC -0.19 mg/l ( Table 3 ). The obtained values of EC 50 -16h and NOEC-16h showed that P. putida was sensitive to the tested NPs and indicate that aluminium oxide in macro-form has a less impact on bacteria than the compound in the nano-form.
It is worth mentioning that very limited research concerns nano-Al 2 O 3 antimicrobial evaluation as scientists have mostly explored the antimicrobial properties of Ag NPs [27, 28, 29] . EC 50 in studies of Hachicho et al. [30] causing 50% growth inhibition for Ag NPs was about 250 mg/l. In turn, the experiments conducted by Matzke et al. showed that P. putida reacted very sensitively when exposed to nano-silver. EC 50 value was between 0.25 μg/l and 3.46 μg/l for the different Ag NPs [27] . An experiment conducted by Gajjar et al. also showed some inhibition of P. putida in the presence of NPs. Toxic doses of the Ag NPs were 0.2 mg/l, for Cu NPs -10 mg/l, and for Zn NPs -7-10 mg/l [29] .
Ecotoxicity assessment on the basis of EC 50 showed that nano-Al 2 O 3 are very toxic to bacteria. According to EU criteria, nano-Al 2 O 3 was very toxic to P. putida. However, according to US EPA criteria aluminium oxide NPs were highly toxic ( Table 3) .
The obtained results as well as data from literature confirm that the effects of nanoAl 2 O 3 on P. putida growth were stronger than those observed for their bulk counterparts ( Table 3 ). The effect of Al 2 O 3 on P. putida was only slight. EC 50 -16h was 295.7 mg/l and NOEC -1.9 mg/l. Similar conclusions were obtained by Jiang [30] and Jośko and Oleszczuk [31] . Tested Nanoparticles: Al 2 O 3 , SiO 2 , TiO 2, ZnO and Ni demonstrated higher toxicity than their bulk counterparts.
Nanocompounds, as a result of their exceptional characteristics, can penetrate cell walls and afterwards the ions can exert toxic effects on cell organelles. The nano size of NPs determines their greater specific surface area than that of their bulk counterparts, due to which they can be more effective in their interactions with the components of bacterial cells and can provide higher risk to the environment than the same substances in their macroforms [21, 30, 31, 32] .
Conclusion
The aim of this study was to investigate the effect of aluminium oxide NPs on the growth of P. putida and the obtained data allowed to formulate the conclusion that nanoAl 2 O 3 may inhibit bacterial growth. In accordance with the EU criteria, tested NPs were very toxic to the bacteria. However, according to US EPA, they were highly toxic.
The obtained results clearly indicate the necessity for ecotoxicity studies of NPs in relation to microorganisms. The study also shows that the currently available ecotoxicity data about compounds in bulk counterparts cannot be used to assess the harmfulness of their nano-form counterparts.
Increasing production of NPs lead to their accumulation in the environment, especially in landfills and landfill leachates and may result in non-target effects on the populations of microbes that play beneficial role in the environment. Negative consequences may concern disturbances in element cycling (carbon, sulfur, nitrogen, etc.), pollutants' degradation and plant growth promotion [29] . There is a constant need for further studies, including not only conventional but also multispecies and molecular tests, in order to explain the mechanisms of NPs' effects on microorganisms and to ensure safety of beneficial microorganisms in the environment.
